Abstract. Space travel exposes astronauts to a plethora of potentially detrimental conditions, such as cosmic radiation and microgravity. as both factors are hard to simulate on earth, present knowledge remains limited. However, this knowledge is of vital importance, making space flight experiments a necessity for determining the biological effects and the underlying biochemical processes, especially when keeping future long-term interplanetary missions in mind. instead of estimating the long-term effects, which usually implicate severe endpoints (e.g., cancer) and which are often difficult to attribute, research has shifted to finding representative biomarkers for rapid and sensitive detection of individual radiosensitivity. in this context, an appealing set of candidate markers is the group of secreted proteins, as they exert an intercellular signaling function and are easy to assess. We screened a subset of secreted proteins in cells exposed to space travel by means of multiplex bead array analysis. To determine the cell-specific signatures of the secreted molecules, we compared the conditioned medium of normal fibroblast cells to fibroblasts isolated from a patient with Hutchinson-Gilford Progeria syndrome, which are known to have a perturbed nuclear architecture and dna damage response. out of the 88 molecules screened, 20 showed a significant level increase or decrease, with a differential response to space conditions between the two cell types. among the molecules that were retained, which may prove to be valuable biomarkers, are apolipoprotein c-iii, plasminogen activator inhibitor type 1, β-2-microglobulin, ferritin, MMP-3, TIMP-1 and VEGF.
Introduction current knowledge about the environmental threats inherent in space travel remains limited. They are, however, ample and different from those on earth: the altered gravity conditions and the presence of cosmic radiation, in particular highenergy ionizing (HZe) particles, are the most prevalent, and their biological effects are not well characterized. although it is important to estimate the actual radiation dose, it is difficult to infer the biological impact on human individuals. Moreover, it is not known how the space environment, and in particular microgravity, contributes to the individual response. among the known health effects for astronauts are space motion sickness, skin drying, bone loss, muscle atrophy, a decreased immune system function and increased cancer risk (1, 2) . However, these symptoms are very general and little or no information is available on the molecular-mechanistic basis or causality in pathological conditions, such as cancer. obtaining insight into these pathways is of crucial importance for estimating the severity of exposure to a space environment and individual radiosensitivity. This requires identification of new biological markers, which play a significant role in reducing radiation risk uncertainties and may be used in the development of rapid biological tests for prognostic (astronaut selection) or therapeutic (countermeasures) ends (3) . in addition, this search for robust biomarkers has direct applications on earth as well; for instance, by allowing the improved identification of radiosensitive patients and individualized radiotherapeutical treatment.
current uncertainties in radiation risk estimates for deep space missions vary by a factor of 4 to 15 (4, 5) . despite the large differences, it is clear that these uncertainties are too high for manned interplanetary missions, such as Mars exploration. Moreover, most information is the result of extrapolating epidemiological studies performed on earth or studies using animal models. However, the space environment is complex and to date impossible to simulate on Earth, making it difficult to estimate the actual hazard. Therefore, space experiments are the only option for accurate biodosimetry. We performed an in vitro experiment onboard the Foton spacecraft during the Foton-M3 mission to identify novel biomarkers present in extracellular fluid. normal dermal fibroblasts (HDF) were compared to fibroblasts isolated from a patient suffering from Hutchinson-Gilford Progeria syndrome (HGPs). In this premature aging disease, a single point mutation in the lMna gene (G608G) activates a cryptic splice site, giving rise to the production of a toxic prelamin a isoform, called progerin (6) . Progerin accumulation compromises the structural integrity of the nucleus, resulting in greater susceptibility to physical stress, as well as disruption of the connection between the cytoskeleton and the nuclear lamina (7) . In addition, HGPs cells display a perturbed dna damage response, characterized by hypersensitivity, persistent activation of checkpoints and defective dna repair (8) . Since both nuclear structure and integrity are challenged in a space environment, the latter cells are expected to be more susceptible to space-induced changes in cellular responses.
using a multiplex bead array assay, we monitored the abundance of 88 soluble proteins in the conditioned medium of both HDF and HGPs in space samples and ground controls. These proteins included chemokines, signaling molecules such as interleukins, which are up-regulated during inflammation and tumor formation (9) , and also hormones involved in diverse metabolic pathways and blood proteins associated with cardiovascular effects.
Materials and methods
Foton-M3 mission. The Foton capsule is a robotic and retrievable capsule that is temperature-controlled at atmospheric pressure and used to carry scientific experiments into low Earth orbit. The Foton-M3 mission was launched on september 14, 2007 from the Baikonur cosmodrome in kazakhstan with a Soyuz-u rocket launcher and carried a european payload of 400 kg. Following the launch phase, Foton-M3 was inserted into a near circular orbit around the Earth, inclined at 63˚, with maximum and minimum altitudes of around 305 and 260 km, respectively. During its 12-day stay in space, Foton-M3 completed a total of 190 orbits around the Earth, each orbit lasting approximately 90 min.
Cell culture and experimental timeline, Modules and Biobox container. Passage-matched normal HDFs derived from foreskin (Promocell) and HGPs fibroblasts were grown in advanced dMeM (invitrogen) supplemented with 2% Fcs (Invitrogen), 1% L-glutamine, streptomycin-penicillin (Invitrogen) and 0.4% fungizone (Invitrogen) at 37˚c in a humidified atmosphere containing 5% co 2 . The Foton-M3 mission was equipped with a temperature-regulated container, Biobox, bearing an internal centrifuge set to rotate at 1 g (artificial gravity). This way, the effects of microgravity (µg) and cosmic radiation could be discriminated. cells were grown to a confluency degree of 70% on aclar ® slides, which were mounted into compact modules 120 h before launch (T0-5 days) as previously described (10) . Ground controls were subjected to the identical temperature conditions and gas exchange limitations as the space samples, and received similar medium exchange and fixation operations. samples were either placed in the centrifuge (simulated gravity, 1 g space controls) or in static positions (µg space samples). The Biobox incubator was sealed with the temperature stabilized at 25˚c, and transported to the Baikonur cosmodrome. Three days before launch (T0-3 days) the Biobox incubator was integrated in the Foton-M3 capsule at the Baikonur cosmodrome in kazakhstan. nine minutes and 4 sec after launch, the centrifuge -which contained half the samplesand heating were activated, thereby raising the temperature (at 5˚c per h) until reaching the pre-defined temperature of 36.5˚c. Twenty-four hours after launch (T0+1 day), medium was replaced with complete growth medium by activation of a plunger. one hundred and twenty hours after launch (T0+5 days), a second plunger was fired, resulting in fixation of the cells with 0.5% paraformaldehyde. after 6 days (T0+6 days), all Biobox experiments were terminated and the temperature was lowered in order to preserve the biological material. upon the return of Foton-M3 to Earth (T0+12 days), samples were immediately transferred to an environment of 4˚c. Both space and ground control modules were opened, and the medium was retrieved and stored at -80˚c for multiplex analysis.
Multiplex bead array assay. The supernatant of the two cell types was screened for the presence of 88 soluble proteins using a Multiplex array (Millipore). The 88 measured proteins are listed in Table i . The Multiplex array assay was performed according to the manufacturer's instructions. The medium samples, which were stored at -80˚c, were defrosted only once, vortexed and centrifuged for 5 min for clarification, and then 25 µl was removed for analysis into a master microtiter plate as described previously (11) . The resulting data stream was interpreted using data analysis software developed by applied cytometry systems. For each multiplex, both calibrators and controls were included on each microtiter plate. eight-point calibrators were run in the first and last column of each plate, and three-level controls were included in duplicates.
Results
The medium of HDF and HGPs cells was screened for 88 macromolecules that are involved in various inflammatory as well as anti-inflammatory processes (Table II) . soluble protein levels were expressed in terms of log ratios -either microgravity/ground (µg/G), simulated gravity/ground (1 g/G) or microgravity/simulated gravity (µg/1 g) -after correction for the detection limit. readings below the detection limit were set equal to the detection limit, and only readings above the detection limit in space samples were selected for comparison. This approach is a highly prudent one, resulting in an underestimation of ratios where the initial value was below the detection limit. The ratios of all molecules for which levels above the detection limit were measured are presented in a heat map in Fig. 1 . Twenty of these soluble proteins were found at significantly different levels with respect to the ground samples (Table II) . a 2-fold increase/ decrease in abundance level was considered significant. Some molecule levels were typically altered by microgravity conditions, whereas others were modified solely by cosmic radiation, and yet others experienced changes due to the combined effects. In HDF, for instance, molecules such as apolipoprotein a, En-raGE, ranTEs, McP and IL-8 were typically augmented under microgravity conditions, but not in the centrifuge (1 g). MMP-3, VEGF, TIMP-1 and cancer Table II . List of soluble proteins that were up-or down-regulated by at least factor 2 for both HDF and HGPs cells under microgravity (µg) and artificial gravity (1 g) conditions compared to ground samples. antigen 19-9 in turn revealed a characteristic lower abundance in space under simulated gravity (centrifuge). iga, ferritin, complement 3 and apolipoprotein H showed a similar increase/ decrease, in both the µg and 1 g samples, as compared to the ground controls, possibly indicating that the change in their expression may instead arise from radiation exposure and is not so dependent on the gravity conditions. notably, similar molecules were altered in abundance in HGPs cells, although quite often in a different direction. Some molecules revealed a cell type specific response. For HDF cells, complement 3, En-raGE, McP-1 and ranTEs levels were specifically altered, whereas Factor VII and c-reactive protein only changed in HGPs cells.
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Discussion
This study describes the profiling of a subset of soluble molecules in human cell culture medium. To our knowledge, this is the first time that such an extensive list of soluble macromolecules has been tested for their potential use as biomarkers in space travel. Due to the limited number of flight opportunities, the use of proper controls is paramount when performing space experiments. in this experiment, we made use of two types of controls: on the one hand, ground controls underwent exactly the same conditions and experimental operations as the space samples, and on the other, half of the space samples were placed in a centrifuge that was activated at the moment the Foton-M3 capsule was placed in orbit (1 g space controls). These controls allowed us to distinguish the effects induced by microgravity.
With the presented setup, we revealed significant differences between cells exposed to space conditions and cells that remained on earth, and demonstrated differential effects in cells under complete space conditions (microgravity) and those subjected to simulated gravity. although it cannot be ruled out that there is some background influence from the launch conditions (vibrations and acceleration forces), internal comparisons (µg-1 g) clearly show that many molecules experience specific space-related effects. certain molecules, such as apolipoprotein c-iii (apoc-iii), were augmented under space conditions. of note, high levels of apoc-iii have been correlated with an increased risk for coronary heart disease (12). The potential role of apoc-iii as a biomarker is supported by previous research (13) . as many space missions indicate an increased risk of cardiovascular dysfunction, it may be opportune to further investigate the role of apoc-iii during space travel. a strong reduction in abundance level was observed for β-2-microglobulin, ferritin, MMP-3, TIMP-1 and VEGF in the simulated gravity space samples, whereas an opposite or a much smaller change was observed in normal fibroblasts exposed to complete space conditions (microgravity and radiation). This points to the existence of a possible antagonizing or synergetic interaction between microgravity and cosmic radiation in regulating secretion, thereby causing the neutralization or more subtle fluctuations of secreted molecule levels. additional evidence suggests that microgravity specifically affects the regulation of these proteins. For instance, EGF receptor trafficking is altered in simulated microgravity and blocks VEGF-a expression (14) . The decrease of ferritin has previously been observed in plasma from astronauts returning from long-term space flights (15) . Serum ferritin is frequently used as marker of iron status for medical diagnosis. Many cell types, including fibroblasts, are known to produce metalloproteinases and TiMPs in the inflammatory process (16, 17) . In our experiments, the level of secreted MMP-3 was altered, so it is possible that cosmic radiation influences the expression level of this protein. This variation might be counterbalanced by a corresponding change of its natural inhibitors, such as TiMP1, TiMP2 and plasminogen activator inhibitor type 1 (Pai-1); an observation also made in radiation enteritis (18) .
all the aforementioned proteins were detected in higher levels in simulated gravity samples of HGPs cells, in complete contrast to the HDF cells. as nuclei from HGPs cells are more rigid (19) and have a disturbed mechanotransduction (20) , these cells may become less or differently responsive to the effects of microgravity. In addition, HGPs cells display a strongly compromised dna damage response (8) . exactly this combination may be responsible for tilting the balance of secretion in the opposite direction. only a few molecules, especially in HGPs cells, showed similar protein level changes in the simulated gravity and microgravity samples. This may point to effects that are solely induced by exposure to cosmic radiation, and is remotely supported by the greater radiosensitivity of HGPs cells (21) . among those molecules that were specifically related to radiation were IL-8 and PaI-1. IL-8 has been found to be specifically elevated in patients suffering from Glaucomatous aquous humor, acute myelogenous leukemia and myelodysplasia, underlining the potential of this marker (22, 23) . Several lines of evidence also support the biomarker function of Pai-1. Pai-1 is known to stimulate cell migration and is involved in many processes, such as inflammation (24) . Previous studies in adults with acute lung injury have reported that an early increase in the plasma levels of Pai-1 is an independent risk factor for mortality and adverse clinical outcomes (25). in addition, Pai-1 is up-regulated in the plasma of mice after exposure to radiation. Inhibition of PaI-1 by PaI-039 abolished the radiation-induced increase in the active form of plasma Pai-1, and limited the radiation-induced gene expression of other inflammatory/extracellular matrix proteins (12). in rat gastrocnemius muscle exposed to microgravity during a 2-week space flight, the transcript levels of PaI-1 were dramatically increased, while plasminogen activators remained unaltered (26) .
In conclusion, this study revealed significant variations for a subset of the human secretome after space travel. additional studies may determine the sensitivity and specificity of these signaling proteins as biomarkers for spaceflight, and in vivo assays are required to assess their validity for screening human individuals. The implementation of such a technique should focus on the measurement of secreted molecule levels in body fluids, such as blood serum (23, 27) , urine (28) or tears (29, 30) . However, this requires careful optimization since multiplex assays generally perform well when using tissue culture supernatant samples, but may become less robust when using serum or plasma samples, especially in terms of accuracy and dynamic range (31, 32) . our study also shows that the composition of secretion varies significantly between cells from donors with a different genetic markup. This emphasizes the potential of the screening of individual sensitivity (e.g., for astronaut selection) or real-time monitoring. in addition, the unique combination of altered protein levels may provide discriminatory power for different types of stress inflicted onto the cells, making the use of these secreted molecule signatures an appealing alternative strategy for (space) biodosimetry.
